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Ascidian tadpole larvae have a similar dorsal tubular nervous system as vertebrates. The induction of brain formation from
a4.2-derived (a-line) cells requires signals from the A4.1-derived (A-line) cells. However, little is known about the
mechanism underlying the development of the larval peripheral nervous system due to the lack of a suitable molecular
marker. Gelsolin, an actin-binding protein, is specifically expressed in epidermal sensory neurons (ESNs) that mainly
constitute the entire peripheral nervous system of the ascidian young tadpoles. Here, we address the role of cell interactions
in the specification of ESNs using immunostaining with an anti-gelsolin antibody. Animal half (a4.2- and b4.2-derived)
embryos did not give rise to any gelsolin-positive neurons, indicating that differentiation of ESNs requires signals from
vegetal cells. Cell isolation experiments showed that A4.1 blastomeres induce gelsolin-positive neurons from a-line cells
but not from b4.2-derived (b-line) cells. On the other hand, B4.1 blastomeres induce gelsolin-positive neurons both from
b-line cells and a-line cells. This is in sharp contrast to the specification of brain cells which is not affected by the ablation
of B4.1-derived (B-line) cells. Furthermore, basic fibroblast growth factor (bFGF) induced ESNs from the a-line cells and
b-line cells in the absence of vegetal cells. Their competence to form ESNs was lost between the 110-cell stage and the
neurula stage. Our results suggested that the specification of the a-line cells and b-line cells into ESNs is controlled by
distinct inducing signals from the anterior and posterior vegetal blastomeres. ESNs in the trunk appear to be derived from
the a8.26 blastomeres aligning on the edge of presumptive neural region where ascidian homologue of Pax3 is expressed.
hese findings highlight the close similarity of ascidian ESNs development with that of vertebrate placode and neural
rest. © 2001 Academic Press
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RINTRODUCTION
The primitive tubular nervous system of ascidian tadpole
larva shows similarities to the vertebrate central nervous
system (CNS) both in morphology and gene expression
(Corbo et al., 1997; Wada et al., 1998). The CNS of ascidian
larvae is composed of about 340 cells, and the cell-cleavage
pattern and developmental cell fate of CNS are essentially
invariant (Nicol and Meinertzhagen, 1988a,b; Nishida,
1987). The neural tube is derived from three distinct lin-
eages: the anterior animal (a4.2), posterior animal (b4.2),
and anterior vegetal (A4.1) blastomere in 8-cell stage em-
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a61-6482. E-mail: y-ootsuka@aist.go.jp.
0012-1606/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.bryos (Nishida, 1987). The a4.2 blastomere gives rise to the
anterior neural tissues such as the sensory vesicle and
sensory organs. The b4.2 and A4.1 blastomeres give rise to
the posterior neural tube.
The differentiation of the CNS has been well studied,
using morphological features of the sensory vesicle (Rever-
beri et al., 1960), pigment cell formation (Nishida, 1991),
and neural-specific gene expression as markers (Miya and
Satoh, 1997; Okamura et al., 1994). The differentiation of
rain from the derivatives of a-line cells requires the inter-
ction with A-line cells that contain cell fates to be
ndodermal cells, notochord, and caudal neural tube
Nishida, 1991; Okamura et al., 1994; Reverberi et al., 1960;
ose, 1939). Furthermore, the brief treatment of isolated
4.2 blastomeres with basic fibroblast growth factor (bFGF),
107
e
t
A
fi
C
u
s
o
i
v
B
t
y
t
n
108 Ohtsuka, Obinata, and Okamuraknown as a potent neural inducer in amphibian (Kengaku
and Okamoto, 1995), led to neuronal differentiation with-
out A-line cells (Inazawa et al., 1998). On the other hand, it
has been shown that motor neurons arise from A-line cells
in a cell-autonomous manner (Okada et al., 1997).
In contrast with the ascidian CNS, little is known about
the differentiation of the larval peripheral nervous system
(PNS). The PNS mainly consists of epidermal sensory
neurons (ESNs), which were first identified by ultrastruc-
tural studies on the larval tail of Diplosoma macdonaldi
(Torrence and Cloney, 1982) and recently by molecular
markers (Crowther and Whittaker, 1983; Miya and Satoh,
1997; Ohtsuka et al., 2001; Okamura et al., 1994; Yagi and
Makabe, 2001). ESNs are commonly found in numerous
ascidian species although their localization and shape vary
among them. In Halocynthia embryos, ESNs lie in the
dorsal epidermis of the trunk and the midline epidermis of
the tail, extending the cilia to the cuticular fin (Ohtsuka et
al., 2001). ESNs in the trunk region, a total of 10 neurons,
are aligned in two rows on the dorsal epidermis. They show
a larger cell size than that of ESNs in other regions. In the
neck region, eight ESNs are located closely together. ESNs
in the tail send axons anteriorly toward the CNS, although
they vary in number and location among individuals. ESNs
probably function as mechanosensory neurons as judged
from their morphological characteristics (Torrence and
Cloney, 1982).
Both TuNa1, which encodes a neural-specific sodium
channel (Okamura et al., 1994), and b-tubulin (Miya and
Satoh, 1997) are expressed in ESNs. However, they are also
expressed in other types of neurons in the CNS and thus
cannot serve as specific markers for ESNs. Our previous
immunocytochemical studies showed that gelsolin, an
actin-binding protein, is expressed in the body wall muscle
and tunic cells of adult ascidians (Ohtsuka et al., 1998,
2001). At the young tadpole stage, an anti-gelsolin mono-
clonal antibody specifically detects ESNs both in the trunk
and tail epidermis, thus providing a unique opportunity to
study the mechanisms underlying the development of pe-
ripheral neurons. In the present study, the role of cell
interactions in the specification of ESNs was examined by
cell-isolation and -recombination techniques together with
immunostaining using an anti-gelsolin antibody. The dif-
ferentiation of the ESNs from a-line cells and b-line requires
a signal from A-line cells and B-line cells, respectively. We
will discuss the mechanisms of the ESN specification with
reference to the differentiation of vertebrate peripheral
neurons derived from neural crest and placodes.
MATERIALS AND METHODS
Cell Dissociation and Culture
Adult ascidians, Halocynthia roretzi, were purchased from fish-
ermen. They were maintained at 4°C in circulating sea water.
Naturally spawned eggs and sperm were fertilized and then were
cultured at 10°C in the sea water (Okada et al., 1997). The follicular
Copyright © 2001 by Academic Press. All rightnvelopes of embryos were removed manually with two sharp
ungsten needles. For the cell ablation experiments, a pair of the
4.1 or B4.1 blastomere was removed from 8-cell embryos with a
ne glass needle. The defolliculated embryos were cultured in
a21, Mg21-free Jamarin-U (Jamarin Laboratory Co., Osaka, Japan)
so that contact between individual blastomeres becomes less
tightly. They were then dissociated into half embryos with various
combinations manually. For the recombination of a4.2 and B4.1
blastomeres which have no direct contact in normal development,
each blastomere was isolated and then cultured in contact with
each other. For the recombination between ectodermal cells and
vegetal cells at the 16-cell stage, the 8-cell embryos were separated
to an animal half and a vegetal half in Ca21, Mg21-free Jamarin-U.
At the 16-cell stage, individual blastomere pairs (the A5.1, A5.2,
B5.1, and B5.2) were isolated from the vegetal half embryos, and
then placed in contact with the animal half embryos that had been
isolated from the 8-cell embryos. These recombined blastomeres
were cultured in 0.5% agarose holes filled with filtered sea water
containing 20 mg/ml streptomycin and 20 mg/ml penicillin until
noperated sister embryos reached the young tadpole stage or larval
tage.
To investigate the effect of basic fibroblast growth factor (bFGF)
n the specification of the ESN, the animal or vegetal blastomeres
solated from 8-cell embryos were treated continuously from
arious stages with 100 ng/ml of recombinant bovine bFGF (Progen
iotechnik, Heidelberg) dissolved in filtered sea water.
Whole-Mount in Situ Hybridization
The ascidian embryos were fixed in 4% paraformaldehyde con-
taining 53 MEM buffer at 4°C overnight. They were then stored at
220°C in methanol prior to use in the in situ hybridization. A
fluorescein-labeled probe for gelsolin (Ohtsuka et al., 1998),
digoxigenin-labeled probe for TuNa1 (Okamura et al., 1994), and
digoxigenin-labeled probe for troponin T (Endo et al., 1996) were
synthesized in vitro, and mixtures of two distinct riboprobes were
used for two-color whole-mount in situ hybridization. The proce-
dures for hybridization were performed as previously described
(Ohtsuka et al., 2001). The hybridized transcripts were detected by
incubating the samples with alkaline phosphatase-conjugated
sheep anti-digoxigenin or anti-fluorescein antibodies (Boehringer-
Mannheim Biochemica). The first staining was carried out with
5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (BCIP) and
nitroblue tetrazolium chloride (NBT). After fixation with 4%
paraformaldehyde/13 MEM buffer and dehydration in methanol,
the specimens were heated at 65°C for 30 min in PBS containing
0.1% Tween 20. The second signal was detected by the staining
with Fast Red (Boehringer-Mannheim Biochemica).
To arrest cleavage, 110-cell embryos were transferred into the
filtered sea water containing 0.5 mg/ml cytochalasin D (Sigma) and
hen were cultured until untreated sister embryos reached the
oung tadpole stage. The cleavage-arrested embryos were fixed and
hen hybridized by using the mixture of digoxigenin-labeled tropo-
in T and fluorescein-labeled gelsolin probes as described above.
Indirect Immunofluorescence Microscopy
Partial embryos were fixed in methanol for 10 min at room
temperature. After rinsing in PBS containing 0.1% Triton X-100,
the specimens were incubated with anti-gelsolin antibody (AS23;
Ohtsuka et al., 2001). They were then washed with 0.1% Triton
X-100 in PBS, and incubated with fluorescein-labeled goat anti-
s of reproduction in any form reserved.
109Inductive Differentiation of the Ascidian Peripheral Neuronsmouse IgG (FITC-GAM) (Tago) for 1 h. The specimens were
mounted in PBS containing 50% glycerol and 10 mg/ml
p-phenylenediamine and observed under a Zeiss Axioskop micro-
scope.
RESULTS
Gelsolin Is a Suitable Molecular Marker for the
Epidermal Sensory Neuron
We previously showed that gelsolin, an actin-binding
protein, was predominantly expressed in the ciliary cells
within the epidermis, adhesive papilla, and motor neuron of
matured ascidian larvae (Ohtsuka et al., 2001; Figs. 1A–1C).
The gelsolin-positive ciliary cells morphologically resemble
the epidermal sensory neuron (ESN) previously described by
electron microscopic observations (Torrence and Cloney,
1982).
To establish that the gelsolin-positive cells are indeed
FIG. 1. The expression of gelsolin in ascidian larvae. (A–C) H
gelsolin-positive cells in the tail region. Higher magnifications o
gelsolin-positive cells. Bar, 100 mm. (D–H) Two-color in situ hyb
embryo hybridized with TuNa1- and gelsolin-specific riboprobes (D
NBT/BCIP (blue/purple) (D), and then the signal of gelsolin was det
(H) regions marked by arrowheads in (E) are shown. (F) Embryo dou
Bar, 50 mm.neurons, we carried out two-color in situ hybridization
Copyright © 2001 by Academic Press. All rightwith sequential alkaline phosphatase staining using probes
specific for gelsolin and TuNa1, a gene encoding the
voltage-gated sodium channel for neuronal action poten-
tials (Okamura et al., 1994). When young tadpole embryos
were hybridized with the mixture of digoxigenin-labeled
TuNa1 and fluorescein-labeled gelsolin riboprobes, both
signals were detected in the same cells within the epider-
mis (Figs. 1D, 1E, 1G, and 1H). On the other hand, under
same conditions, no signal was detected by staining with
Fast Red in the absence of the antibody for the second
staining (data not shown). Furthermore, when double-
labeling for gelsolin and embryonic troponin T, a specific
marker for larval tail muscle (Endo et al., 1996), was
performed under the same condition, the signal for troponin
T was detected in a pattern distinct from that of gelsolin
(Fig. 1F), thus ruling out the possibility of incomplete
inactivation of alkaline phosphatase in the first staining.
Since gelsolin cannot be detected in adhesive papilla or
motor neurons at the young tadpole stage, it can serve as a
nthia larvae immunostained with AS23. Arrowheads show the
nk (B) and tail (C) regions are shown. Arrows show the cilia of
ation with sequential alkaline phosphatase staining. An ascidian
, H). The transcript for TuNa1 was first visualized by staining with
with Fast Red (red) (E). Higher magnifications of trunk (G) and tail
labeled with probes for gelsolin (blue/purple) and troponin T (red).alocy
f tru
ridiz
, E, G
ected
ble-specific molecular marker of ESN.
s of reproduction in any form reserved.
110 Ohtsuka, Obinata, and OkamuraFIG. 2. Immunocytochemical staining of partial embryos with AS23. (A–E) Expression of gelsolin in the partial embryos without A-line
cells or B-line cells. The partial embryos were derived by ablating a pair of B4.1 (A) or A4.1 blastomeres (C, D) at the 8-cell stage, which were
cultured up to the young tadpole stage (A, C) and larval stage (D), before being subjected to immunostaining with AS23. In the B-line-deleted
embryos, pigment cells were often detected (white arrowhead). The AS23-positive cells (arrowheads) were detected in embryos that lacked
B-line cells or A-line cells. In (B) and (E), some of the gelsolin-positive cells shown in (A) and (D) are shown at higher magnification,
respectively. The AS23-positive cells have the cilium (arrow). When the A-line-deleted embryos were cultured until the larval stage, a new
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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111Inductive Differentiation of the Ascidian Peripheral NeuronsThe Vegetal Blastomeres Are Involved in the
Induction of Gelsolin-Positive Sensory Neurons
Cell lineage studies of ascidian embryos with horseradish
peroxidase (HRP) as a lineage tracer showed that there is no
cell that extensively migrates out of the original location at
least until the tailbud stage (Nishida, 1987). The gelsolin-
positive ciliary cells are localized in the epidermis (Figs.
1A–1C), suggesting that the ESNs are only generated from
a4.2 and b4.2 blastomeres. To confirm this, we injected
biotin-conjugated digoxigenin, a highly sensitive lineage
marker, into A4.1 and B4.1 blastomere. No labeled cell was
detected in the surface of ascidian embryos even when
cultured until the stage of swimming larva (data not
shown).
It has been shown that the formation of the CNS requires
inductive signals from vegetal blastomeres (Okado and
Takahashi, 1990; Reverberi et al., 1960; Rose, 1939). To test
whether the differentiation of ESNs depends on vegetal
blastomeres, the animal half (a4.2 and b4.2) blastomeres
were separated from vegetal blastomeres at the 8-cell stage
and cultured until the young tadpole stage. When these
partial embryos were stained with anti-gelsolin antibody
(AS23), no gelsolin-positive signal was detected in either
the animal half or vegetal half embryos (Figs. 2F and 2G;
Table 1), suggesting that the formation of ESNs from
animal blastomeres requires the interaction with vegetal
cells.
We also performed cell ablation experiments at the 8-cell
stage. When the B4.1 blastomeres were removed at the
8-cell stage, the remaining three-quarter partial embryos are
known to retain the CNS at the stage equivalent to the
young tadpole stage of intact embryos (Reverberi et al.,
960; Rose, 1939). Indeed, pigment cells, a hallmark of the
scidian larval brain, were often detected in these embryos
Fig. 2A). In 22% among these partial embryos, the gelsolin-
ositive cells were detected at the surface (Figs. 2A and 2B;
able 1). These cells extended cilia to the tunic, suggesting
hat they were ESNs. On the other hand, the expression of
elsolin also occurred at the surface of A-line-deleted em-
ryos. In these embryos, pigment cells were never detected
Fig. 2C), suggesting that the CNS is not formed. The
roportion of A-line-deleted embryos that contained
elsolin-positive cells (41%) was higher than that in
-deleted partial embryos (Table 1).
In the A-line-deleted embryos, the cilia of the gelsolin-
ositive cells were barely detectable. This could be due to
gelsolin-positive signal was detected in the internal part of the em
generated from various combinations of 8-cell embryo blastomeres
half embryo (H, I), the posterior half embryo (J), the b4.2 in contact
and then treated with FITC-GAM. In (I), part of the fluorescence
Induction of gelsolin expression by vegetal blastomeres of 16-c
ectodermal cells with the vegetal blastomeres, A5.1 (M, Q), A5.2 (N
a fluorescence microscope. (Q) and (R) are views at higher magnificatio
Copyright © 2001 by Academic Press. All rightater cell maturation or low expression, since in our previ-
us study (Ohtsuka et al., 2001), immunostaining with
S23 showed that cilia of ESNs in the tail epidermis were
ot detectable at the young tadpole stage when they were
lready evident in the trunk ESNs. The cilia in the tail
SNs became detectable at the larval stage (Ohtsuka et al.,
001). Therefore, to confirm that the gelsolin-positive cells
n the A-line-deleted embryos were ESNs, the A-line-
eleted embryos were further cultured until the larval stage
o that morphological features of ESNs could easily be
etected. A new gelsolin signal was detected in the internal
arts of these embryos (Fig. 2D). The gelsolin-positive cells
t the surface extended cilia to the larval tunic (Fig. 2E),
onfirming the view that the A-line-deleted embryos con-
ained ESNs. These results indicate that the differentiation
f ESNs from a-line cells and b-line cells occurs under
onditions in which some signal(s) are given by contact
ith either A-line cells or B-line cells.
FIG. 3. Induction of the gelsolin-positive ciliary cells by bFGF.
The animal blastomeres isolated from 8-cell embryos were treated
with 100 ng/ml of bFGF continuously from the 16-cell stage (A, C)
or the neurula stage (B) until the young tadpole stage and were then
immunostained with AS23. Gelsolin-positive cells are shown in (C)
at a higher magnification. The partial embryos treated with bFGF
from the 16-cell stage contain gelsolin-positive cells (arrowheads)
which extend cilium (arrow). Bar, 100 mm.
(white arrow). (F–L) Expression of gelsolin in the partial embryos
e animal half embryo (F), the vegetal half embryo (G), the anterior
A4.1 (K), and a4.2 in contact with B4.1 (L) were stained with AS23,
ographs given (H) is demonstrated at higher magnification. (M–R)
mbryos. The partial embryos derived from the combination of
B5.1 (O), and B5.2 (P) were stained with AS23 and observed underbryo
. Th
with
micr
ell e
, R),n of (M) and (N), respectively. Bar, 50 mm.
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112 Ohtsuka, Obinata, and OkamuraThe Specification of Gelsolin-Positive Cells from
the Anterior and Posterior Animal Blastomeres
Requires Signals from Distinct Vegetal
Blastomeres
To further examine the role of the vegetal blastomeres in
the specification of ESNs, various combinations of animal
and vegetal blastomere were prepared from 8-cell embryos.
The anterior half (a4.2- and A4.1-derived) embryos produced
gelsolin-positive ciliary cells (Figs. 2H and 2I; Table 1).
Gelsolin expression was also detected in the posterior half
(b4.2- and B4.1-derived) embryos (Fig. 2J). The cilia of
gelsolin-positive cells were detected only at the larval stage,
as shown in the A-line-deleted partial embryos (data not
shown), suggesting that gelsolin-positive cells from b4.2-
and B4.1-derived embryos correspond to tail ESNs. Addi-
tionally, the combination of a4.2 and B4.1 blastomeres that
do not normally make contact with each other in intact
embryos also produced gelsolin-positive cells, although the
TABLE 1
Differentiation of Gelsolin-Positive Cells in the Partial Embryos W
from Various Combinations of Isolated Blastomeres
Origin of partial embryos
No. of operated
embryos
4.2 1 b4.2 1 A4.1a 46
4.2 1 b4.2 1 B4.1a 56
4.2 1 A4.1 36
4.2 1 B4.1b 33
4.2 1 A4.1 44
4.2 1 B4.1 30
A4.1 1 B4.1 62
a4.2 1 b4.2 31
a5.3, a5.4, b5.3, b5.4 1 A5.1c 48
5.3, a5.4, b5.3, b5.4 1 A5.2c 43
5.3, a5.4, b5.3, b5.4 1 B5.1c 17
5.3, a5.4, b5.3, b5.4 1 B5.2c 22
a Cell ablation experiments.
b Cell recombination experiments.
c Animal blastomeres taken from 8-cell stage embryos were cultu
or B5.2, which were isolated from 16-cell stage embryos.
TABLE 2
Differentiation of Gelsolin-Positive Cells in the Partial Embryos W
Origin of partial embryos No. of operated embryos
a4.2 1 b4.2 (16-cell stage) 36
a4.2 1 b4.2 (110-cell stage) 27
a4.2 1 b4.2 (neurula stage) 12
A4.1 1 B4.1 (16-cell stage) 20Note. The blastomere pairs were treated with 100 ng/ml bFGF from
Copyright © 2001 by Academic Press. All rightroportion (only 9%) was lower than those of the anterior
alf and posterior half embryos (Fig. 2L; Table 1). On the
ther hand, none of the cells in the embryos derived from
he combination of b4.2 and A4.1 blastomeres were stained
ith AS23 (Fig. 2K; Table 1). These results suggest that the
ifferentiation of ESNs from the a-line cells requires the
nteraction with A-line cells and that the formation in the
-line cells requires influences from B-line cells.
We also examined transmission of such inducing activity
f the vegetal blastomeres in 16-cell embryos. Individual
airs of vegetal blastomeres, namely the A5.1, A5.2, B5.1,
nd B5.2 were isolated from 16-cell embryos and cultured in
ontact with the animal cells isolated from 8-cell embryos.
hen the partial embryos derived from the various combi-
ations were cultured until the young tadpole stage, 21–
1% of them generated gelsolin-positive cells (Figs. 2M–2R;
able 1). All members of vegetal blastomeres showed ESN-
nducing activity. Again, as in the cell ablation and isola-
Were Derived
Embryos with
gelsolin-positive cells
Ratio (%) of embryos
with gelsolin-positive cells
10 21.7
23 41.1
11 30.5
3 9.1
0 0
12 40.0
0 0
0 0
10 20.8
9 20.9
7 41.2
5 22.7
combination with different vegetal blastomeres, A5.1, A5.2, B5.1,
Were Derived from bFGF-Treated Blastomeres
Embryos with
gelsolin-positive cells
Ratio (%) of embryos with
gelsolin-positive cells
26 72.2
20 74.1
0 0
0 0hich
red inhicheach stage.
s of reproduction in any form reserved.
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113Inductive Differentiation of the Ascidian Peripheral Neuronstion experiments, the partial embryos containing A5.1 or
A5.2 cells showed clear cilia with the gelsolin-positive
(Figs. 2Q and 2R), while no cilia were detectable in the
partial embryos containing B5.1 or B5.2 cells (data not
shown). This indicates that the anterior vegetal blas-
tomeres, A5.1 or A5.2, can induce cells with the character-
istics of trunk ESNs, whereas the posterior vegetal blas-
tomeres, B5.1 or B5.2, can induce cells with those of the tail
FIG. 4. Gelsolin expression in the cleavage-arrested 110-cell emb
mbryos. Embryos were treated with cytochalasin D from the 110
iew of in situ hybridization in the cleavage-arrested embryos with
single animal cells (arrowheads). (B) Animal view of two-color
nterior is up in (A) and (B). The transcript for gelsolin was first vi
f troponin T was detected with Fast Red (red). Bar, 100 mm. (C, D
(D) vegetal view. Anterior is up. The fates of most blastomeres beco
stage (Nishida, 1987). The diagrams illustrate the lineages of brain
the ESN (green) are assumed from their distribution at the larval sta
containing caudal neural tube cells are involved in the induction of
cells induce b-line cells to form the ESNs.ESNs.
Copyright © 2001 by Academic Press. All rightbFGF Induces the Differentiation of Gelsolin-
Positive Cells from Animal Cells
The previous studies have shown that basic fibroblast
growth factor (bFGF) induced the expression of neuron-
specific ion channels in the a-line blastomeres without the
requirement of contact with A-line cells (Inazawa et al.,
1998; Nagahora et al., 2000). Therefore, bFGF was tested as
(A, B) Whole-mount in situ hybridization of the cleavage-arrested
stage and then cultured until the young tadpole stage. (A) Animal
olin-specific probe. Gelsolin expression was bilaterally detected in
itu hybridization using gelsolin- and troponin T-specific probes.
zed by staining with NBT/BCIP (blue/purple), and then the signal
l fate map of the H. roretzi 110-cell embryo. (C) Animal view and
estricted to give rise to a single kind of larval tissue by the 110-cell
), caudal neural tube (purple), and muscle (red). The precursors of
E) Model of the ESN induction by vegetal blastomeres. A-line cells
cells into ESNs. On the other hand, B-line cells containing muscleryos.
-cell
gels
in s
suali
) Cel
me r
(blue
ge. (a candidate for inducing ESNs. The animal-half embryos
s of reproduction in any form reserved.
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114 Ohtsuka, Obinata, and Okamuraderived from a4.2 and b4.2 blastomeres of 8-cell embryos
were treated with 100 ng/ml bFGF, the concentration at
which 90% of the a-line cells developed neuronal action
potentials in the previous studies (Inazawa et al., 1998).
When the ectodermal cells were continuously treated with
bFGF from the 16-cell stage, 72% of the partial embryos
generated gelsolin-positive ciliary cells (Figs. 3A and 3C;
Table 2), which was more effective than the combination
with vegetal blastomeres. In addition, when the partial
embryos derived from an individual pair of a4.2 blastomeres
and the partial embryos derived from a pair of b4.2 blas-
tomeres were treated by bFGF, they also developed gelsolin-
positive cells (data not shown). However, vegetal cells
treated with bFGF never developed gelsolin-positive cells
(Table 2). These results indicate that bFGF induces the
ESNs from ectodermal blastomeres. Furthermore, the ex-
pression of gelsolin was detected when ectodermal cells
were treated with bFGF from the 110-cell stage (Table 2),
but they were not detected in the ectodermal cells treated
with bFGF from the neurula stage (Fig. 3B; Table 2),
showing the loss of ectodermal competence to form ESNs
occurs between the 110-cell stage and the neurula stage.
The Origin of the Gelsolin-Positive Cells Was
Distinct from That of the CNS
The above results point to the similarity of ascidian ESNs
with vertebrate neural crest or placode. Pax3 is a reliable
early marker of placode precursors in the vertebrate (Stark
et al., 1997). In ascidians, a homologous gene to Pax3, was
isolated and named HrPax37. During gastrulation and neu-
ral plate formation, HrPax37 is known to be transiently
expressed in lineages of a8.26, b8.18, and b8.20 which locate
at the border between the epidermal lineage and the neural
tube lineage (Wada et al., 1996, 1997). To test whether ESNs
re derived from cells expressing HrPax37, cleavage-
rrested embryos were examined for gelsolin expression by
hole mount in situ hybridization. If ascidian embryos are
ultured in the presence of cytochalasin, an inhibitor of
icrofilament polymerization, cell cleavage is stopped, but
ell type-specific molecules continue to be expressed in a
ime sequence comparable to that seen in the intact embryo
Okamura et al., 1993; Whittaker, 1973). Therefore, em-
ryos were continuously treated with cytochalasin D from
he 110-cell stage, and the cleavage-arrested embryos were
xed at the young tadpole stage. In these embryos, gelsolin
xpression was bilaterally detected in a single animal cell
Fig. 4A). The gelsolin-positive blastomere also expressed
uNa1 (data not shown), indicating that this blastomere
hose a neural cell fate. To identify lineage of the gelsolin-
ositive blastomere, cleavage-arrested embryos were hy-
ridized with probes specific for gelsolin and embryonic
roponin T. The signals of embryonic troponin T were
lways detected in B7.5, B8.7, B8.8, B8.15, and B8.16, which
re primary muscle lineage cells, and frequently in b8.17,
hat is the secondary muscle lineage cell (Fig. 4B). Based on
he relative position to these troponin T-positive blas-
Copyright © 2001 by Academic Press. All rightomeres, the gelsolin-positive blastomere was identified as
he a8.26 that do not produce the CNS (Nicol and Mein-
rtzhagen, 1988a,b; Nishida, 1987). These indicate that the
recursor cells of trunk ESNs express the HrPax37 gene.
his is similar to the case of vertebrates in which Pax3 is
xpressed in the precursors of neurogenic placode and
eural crest.
DISCUSSION
In this study, we used gelsolin as a reliable molecular
marker for ESNs, to study the cellular mechanisms under-
lying the specification of ESNs. Our results reveal that the
formation of the anterior and posterior ESNs requires in-
ducing signals from distinct vegetal blastomeres.
Cellular Mechanisms of the Specification of Larval
PNS and CNS
Cell isolation experiments indicated that the A-line cells
induce the differentiation of ESNs from a-line cells. This is
similar to the differentiation of the CNS in ascidian em-
bryos that also depends on a signal from A-line cells
(Nishida, 1991; Nishida and Satoh, 1989; Okamura et al.,
993; Reverberi et al., 1960; Rose, 1939; Takahashi and
Okamura, 1998). It has been shown that A-line cells have
the ability to induce pigment cells both from a-line cells
and b-line cells (Nishida and Satoh, 1989; Reverberi et al.,
1960; Rose, 1939). Previous studies showed that bFGF
induced the expression of neuron-specific ion channels
from a-line cells (Inazawa et al., 1998; Nagahora et al.,
2000). We showed that ESNs are induced from either a-line
cells or b-line cells by bFGF in the absence of vegetal
blastomeres. The competence to form the ESNs on treat-
ment with bFGF may be lost at the time range from the
110-cell stage to the neurula stage, which is similar to that
described for ion channel expression in cleavage-arrested
a4.2 blastomeres (Inazawa et al., 1998). These results sug-
gest that induction of ESNs from a-line cells shares similar
molecular mechanisms with the formation of the CNS.
By contrast, the b-line ESNs are not induced by A-line
cells but can be induced by B-line cells. This finding is
somewhat unexpected, because previous studies indicated
that B-line cells do not exhibit any neural tissue-inducing
activity as detected by neuronal action potentials and
morphological features of the sensory vesicle (Okado and
Takahashi, 1988, 1990; Reverberi and Minganti, 1946,
1947). This result appears to contradict the results of a
previous investigation using TuNa1, a voltage-gated so-
dium channel, as a pan-neural marker (Okamura et al.,
1994) where the TuNa1 gene transcript was not detected in
the partial embryos lacking A-line cells. Although the
TuNa1 transcript is distributed over the entire nervous
system, its expression level in individual neuron seems
much lower than that of gelsolin. As was shown in the
present study, the ratio of partial embryos containing ESNs
s of reproduction in any form reserved.
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115Inductive Differentiation of the Ascidian Peripheral Neuronswas low. Thus, it is likely that in previous studies the
TuNa1 transcript in A-line-deleted embryos was presum-
ably below the limit of detection.
The development of ESNs induced by A-line cells seems
to be earlier than that of ESNs induced by B-line cells. At
the young tadpole stage, cilia were detected in the ESNs
induced by A-line cells, whereas it was not detected when
B-line cells induced the ESNs. We previously showed that
the phenotypes of trunk ESNs were different from those of
tail ESNs in several points including cell morphology, size,
and developmental processes (Ohtsuka et al., 2001). The
-line cells induce cells with phenotypes of trunk ESNs,
hereas the B-line cells induce cells with those of tail
SNs. This suggests that the distinct phenotypes for the
SNs depend on the signals from the anterior and posterior
egetal blastomeres.
The dependence of the differentiation of b-line ESNs on
-line cells but not on A-line cells suggests that b-line ESNs
re induced by signals distinct from those for the induction
f a-line ESNs. Alternatively, it is possible that the same
ignaling molecule from the A-line cells and B-line cells
ay be involved in the differentiation of ESNs, since both
-line cells and B-line cells induce the differentiation of
SNs from a-line cells. Indeed, bFGF induces ESNs both
rom a-line cells and b-line cells. There is evidence that
ndoderm precursor cells from A-line cells and B-line cells
nduce mesenchyme cells from neighboring mesodermal
ells by bFGF-like molecules (Kim et al., 2000), raising the
ossibility that both A-line cells and B-line cells secrete a
FGF-like molecule. As one possibility, the difference in
ctivity between A-line cells and B-line cells in the present
xperiments could be due to a time lag for the acquisition of
nducing activity. The induction of a-line ESNs by A-line
ells may precede the induction of b-line ESNs by B-line
ells. The B-line cells induced the formation of ESNs from
-line cells, whereas the A-line cells did not induce ESNs
rom b-line cells. This finding may be explained if the time
ourse for the activity of B-line cells to induce ESNs
artially overlaps with that for the acquisition and loss of
ompetence in a-line cells to form ESNs. This model is also
ompatible with the finding that A-line cells and B-line
ells induce the distinct phenotypes of the ESNs. Further
tudies are necessary to test this possibility.
Evolutionary Mechanisms of the Differentiation of
Larval Peripheral Neurons
In vertebrates, the PNS originates from the neural crest
cells and placodes. They arise from the border between the
neural plate and surrounding non-neural epidermis and
migrate along characteristic pathways towards their target
sites (Le Douarin, 1982; Webb and Noden, 1993). No clear
evidence for the presence of placodes or neural crest cells
has been available for the protochordates. For example, it
has been shown that there is no extensive migration of
embryonic cell during ascidian embryogenesis as neural
Copyright © 2001 by Academic Press. All rightrest and placode in vertebrates (unpublished results; Nicol
nd Meinertzhagen, 1988a,b; Nishida, 1987).
Our results suggest that there are some similarities
etween ESNs and vertebrate peripheral neurons derived
rom placodes and neural crest. First, the relative position-
ng of precursor cells seems similar to those of placodes and
eural crest in vertebrates. The cleavage-arrest experiment
uggests that ESNs in the trunk are derived from the a8.26
lastomeres. This blastomere expresses HrPax37, a homo-
ogue of vertebrate Pax3 (Wada et al., 1996, 1997), which is
n early marker for trigeminal placode (Stark et al., 1997).
n the other hand, the origin of the b-line ESNs is so far not
et defined, since no gelsolin-positive signal was detected
n the cleavage-arrested embryos, probably due to transient
ene activation or low expression. However, the cell-
ineage of the b-line ESNs can be predicted by comparing
he cell-cleavage pattern (Nishida, 1987) and the distribu-
ion of ESNs (Fig. 1; Ohtsuka et al., 2001). As shown in Fig.
, the prospective precursors are likely to be localized at the
dge of the epidermal lineage flanking the presumptive area
or the neural tube at the 110-cell stage. Among these cells,
8.17 and b8.20 blastomeres that express HrPax-37 (Wada
t al., 1996, 1997) could correspond to the precursors of the
SNs. This is reminiscent of the localization of the neural
rest and placode origins in vertebrate embryos.
Secondly, the tissue interactions that underlie induction
f ascidian ESNs are similar to those of vertebrate neural
rest and placodes. In vertebrates, the induction of placodes
nd neural crest requires a signal from the neural plate and
esoderm (Bonstein et al., 1998; Marchant et al., 1998;
Selleck and Bronner, 1995; Stark et al., 1997). In ascidians,
A-line cells that induce ESNs in the anterior ectoderm
contain cell fates to be caudal neural tube and the part of
the anterior CNS that is located posterior to the sensory
vesicle (Nishida, 1987). Indeed, precursor cells of neural
tissues may induce trunk ESNs, since in the cleavage-
arrested embryos gelsolin expression occurred in the a8.26
that makes contact with precursor cells of caudal neural
tube. B-line cells that induce ESNs in the posterior ecto-
derm mostly contain the mesodermal lineage such as
muscle cells. Further cell ablation or recombination experi-
ments will be necessary to define actual timing and loca-
tion of cell interactions in intact embryos.
In amphibian embryos, bFGF induces ectodermal cells to
form neural crest cells without requiring mesodermal tis-
sues (Kengaku and Okamoto, 1993). In the present study,
bFGF induced ESNs from ectodermal blastomeres at similar
concentrations as that required for induction of neural
crest-related cells in amphibian embryos. However, addi-
tional signaling(s) could also play important roles in the
specification of ESNs in ascidian larvae. In vertebrates,
BMP and/or Wnt signaling are involved in the formation of
neural crest and placodes (Begbie et al., 1999; Dorsky et al.,
1998; LaBonne and Bronner, 1998; Marchant et al., 1998;
Nguyen et al., 1998). Recently, gene homologues for BMP
and Wnt were cloned from Halocynthia embryo (Miya et
al., 1996, 1997; Sasakura et al., 1998). Overexpression
s of reproduction in any form reserved.
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116 Ohtsuka, Obinata, and Okamurastudies of HrBMPb, an ascidian homologue of BMP-2/-4,
pointed to its conserved role in the specification of neural
cell fate. At the 110-cell stage, HrBMPb is expressed in
A8.15 and A8.16 that underlie the trunk ESN precursor,
a8.26 (Miya et al., 1997). HrBMPa, the homologue of BMPs
5–8, is expressed in the ectodermal cells adjacent to the
neural plate at the neurula stage, which resembles the
expression pattern of Xenopus BMP-7 (Miya et al., 1996).
Therefore, it will be intriguing to test if these factors
involved in the development of vertebrate neural crest and
placodes also have a role in the specification of ascidian
peripheral neurons.
ACKNOWLEDGMENTS
We thank Drs. Harumasa Okamoto and Haruo Okado for their
valuable advice regarding this work. We thank Dr. Takeshi Endo
for the clone of embryonic Troponin T (eTnT11). This research was
supported in part by research grants from the Ministry of Educa-
tion, Science and Culture of Japan to Y. Ohtsuka and T.O., and a
research grant of C.O.E. project to NIBH to Y. Okamura.
REFERENCES
Begbie, J., Brunet, J. F., Rubenstein, J. L., and Graham, A. (1999).
Induction of the epibranchial placodes. Development 126, 895–
902.
onstein, L., Elias, S., and Frank, D. (1998). Paraxial-fated meso-
derm is required for neural crest induction in Xenopus embryos.
Dev. Biol. 193, 156–168.
orbo, J. C., Erives, A., Di, G. A., Chang, A., and Levine, M. (1997).
Dorsoventral patterning of the vertebrate neural tube is con-
served in a protochordate. Development 124, 2335–2344.
Crowther, R. J., and Whittaker, J. R. (1983). Developmental au-
tonomy of muscle fine structure in muscle lineage cells of
ascidian embryos. Dev. Biol. 96, 1–10.
Dorsky, R. I., Moon, R. T., and Raible, D. W. (1998). Control of
neural crest cell fate by the Wnt signalling pathway. Nature 396,
370–373.
Endo, T., Matsumoto, K., Hama, T., Ohtsuka, Y., Katsura, G., and
Obinata, T. (1996). Distinct troponin T genes are expressed in
embryonic/larval tail striated muscle and adult body wall
smooth muscle of ascidian. J. Biol. Chem. 271, 27855–27862.
Inazawa, T., Okamura, Y., and Takahashi, K. (1998). Basic fibro-
blast growth factor induction of neuronal ion channel expression
in ascidian ectodermal blastomeres. J. Physiol. 511, 347–359.
Kengaku, M., and Okamoto, H. (1993). Basic fibroblast growth
factor induces differentiation of neural tube and neural crest
lineages of cultured ectoderm cells from Xenopus gastrula.
Development 119, 1067–1078.
Kengaku, M., and Okamoto, H. (1995). bFGF as a possible morpho-
gen for anteroposterior axis of the central nervous system in
Xenopus. Development 121, 3121–3130.
Kim, G. J., Yamada, A., and Nishida, H. (2000). An FGF signal from
endoderm and localized factors in the posterior-vegetal egg
cytoplasm pattern the mesodermal tissues in the ascidian em-
bryo. Development 127, 2853–2862.
LaBonne, C., and Bronner, F. M. (1998). Neural crest induction in
Xenopus: evidence for a two-signal model. Development 125,
2403–2414.
Copyright © 2001 by Academic Press. All rightLe Douarin, N. (1982). “The Neural Crest.” Cambridge Univ. Press,
Cambridge, UK.
Marchant, L., Linker, C., Ruiz, P., Guerrero, N., and Mayor, R.
(1998). The inductive properties of mesoderm suggest that the
neural crest cells are specified by a BMP gradient. Dev. Biol. 198,
319–329.
Miya, T., Morita, K., Suzuki, A., Ueno, N., and Satoh, N. (1997).
Functional analysis of an ascidian homologue of vertebrate
Bmp-2/Bmp-4 suggests its role in the inhibition of neural fate
specification. Development 124, 5149–5159.
Miya, T., Morita, K., Ueno, N., and Satoh, N. (1996). An ascidian
homologue of vertebrate BMPs-5–8 is expressed in the midline of
the anterior neuroectoderm and in the midline of the ventral
epidermis of the embryo. Mech. Dev. 57, 181–190.
Miya, T., and Satoh, N. (1997). Isolation and characterization of
cDNA clones for beta-tubulin genes as a molecular marker for
neural cell differentiation in the ascidian embryo. Int. J. Dev.
Biol. 41, 551–557.
Nagahora, H., Okada, T., Yahagi, N., Chong, J. A., Mandel, G., and
Okamura, Y. (2000). Diversity of voltage-gated sodium channels
in the ascidian larval nervous system. Biochem. Biophys. Res.
Commun. 275, 558–564.
Nguyen, V. H., Schmid, B., Trout, J., Connors, S. A., Ekker, M., and
Mullins, M. C. (1998). Ventral and lateral regions of the zebrafish
gastrula, including the neural crest progenitors, are established
by a bmp2b/swirl pathway of genes. Dev. Biol. 199, 93–110.
Nicol, D., and Meinertzhagen, I. A. (1988a). Development of the
central nervous system of the larva of the ascidian. Ciona
intestinalis L. I. The early lineages of the neural plate. Dev. Biol.
130, 721–736.
Nicol, D., and Meinertzhagen, I. A. (1988b). Development of the
central nervous system of the larva of the ascidian, Ciona
intestinalis L. II. Neural plate morphogenesis and cell lineages
during neurulation. Dev. Biol. 130, 737–766.
Nishida, H. (1987). Cell lineage analysis in ascidian embryos by
intracellular injection of a tracer enzyme. III. Up to the tissue
restricted stage. Dev. Biol. 121, 526–541.
Nishida, H. (1991). Induction of brain and sensory pigment cells in
the ascidian embryo analyzed by experiments with isolated
blastomeres. Development 112, 389–395.
Nishida, H., and Satoh, N. (1983). Cell lineage analysis in ascidian
embryos by intracellular injection of a tracer enzyme. I. Up to the
eight-cell stage. Dev. Biol. 99, 382–394.
Nishida, H., and Satoh, N. (1985). Cell lineage analysis in ascidian
embryos by intracellular injection of a tracer enzyme. II. The 16-
and 32-cell stages. Dev. Biol. 110, 440–454.
Nishida, H., and Satoh, N. (1989). Determination and regulation in
the pigment cell lineage of the ascidian embryo. Dev. Biol. 132,
355–367.
Ohtsuka, Y., Nakae, H., Abe, H., and Obinata, T. (1998). Functional
characteristics and the complete primary structure of ascidian
gelsolin. Biochim. Biophys. Acta 1383, 219–231.
Ohtsuka, Y., Okamura, Y., and Obinata, T. (2001). Changes in
gelsolin expression during ascidian metamorphosis. Dev. Genes
Evol. 211, 252–256.
Okada, T., Hirano, H., Takahashi, K., and Okamura, Y. (1997).
Distinct neuronal lineages of the ascidian embryo revealed by
expression of a sodium channel gene. Dev. Biol. 190, 257–272.
Okado, H., and Takahashi, K. (1988). A simple “neural induction”
model with two interacting cleavage-arrested ascidian blas-
tomeres. Proc. Natl. Acad. Sci. USA 85, 6197–6201.
s of reproduction in any form reserved.
OR
117Inductive Differentiation of the Ascidian Peripheral NeuronsOkado, H., and Takahashi, K. (1990). Induced neural-type differen-
tiation in the cleavage-arrested blastomere isolated from early
ascidian embryos. J. Physiol. 427, 603–623.
Okamura, Y., Okado, H., and Takahashi, K. (1993). The ascidian
embryo as a prototype of vertebrate neurogenesis. BioEssays 15,
723–730.
kamura, Y., Ono, F., Okagaki, R., Chong, J. A., and Mandel, G.
(1994). Neural expression of a sodium channel gene requires
cell-specific interactions. Neuron 13, 937–948.
everberi, G., and Minganti, A. (1946). Fenomeni dievocazinoe
nello siviluppo dell’uovo di ascidie: Risultati dell’indagine speri-
mentale sull’uovo di Ascidiella aspersa e di Ascidia malaca allo
stadio di otto blastomeri. Pubbl. Staz. Zool. Napoli 20, 199–252.
Reverberi, G., and Minganti, A. (1947). La distribuzion delle po-
tenze nel germ di Ascidie allo stadio di otto blastomeri, analiz-
zata mediante le combinazioni e i trapianti di blastomeri. Pubbl.
Staz. Zool. Napoli 21, 1–35.
Reverberi, G., Ortolani, G., and Farinella-Ferruzza, N. (1960). The
causal formation of the brain in ascidian larva. Acta Embryol.
Morphol. Exp. 3, 296–336.
Rose, S. M. (1939). Embryonic induction in the ascidian. Biol. Bull.
76, 216–232.
Sasakura, Y., Ogasawara, M., and Makabe, K. W. (1998). HrWnt-5:
A maternally expressed ascidian Wnt gene with posterior local-
ization in early embryos. Int. J. Dev. Biol. 42, 573–579.
Selleck, M. A., and Bronner, F. M. (1995). Origins of the avian
neural crest: the role of neural plate-epidermal interactions.
Development 121, 525–538.
Stark, M. R., Sechrist, J., Bronner, F. M., and Marcelle, C. (1997).
Neural tube-ectoderm interactions are required for trigeminal
placode formation. Development 124, 4287–4295.
Copyright © 2001 by Academic Press. All rightTakahashi, K., and Okamura, Y. (1998). Ion channels and early
development of neural cells. Physiol. Rev. 78, 307–337.
Torrence, S. A., and Cloney, R. A. (1982). Nervous system of
ascidian larvae: Caudal primary sensory neurons. Zoomorphol-
ogy 99, 103–115.
Wada, H., Holland, P. W., Sato, S., Yamamoto, H., and Satoh, N.
(1997). Neural tube is partially dorsalized by overexpression of
HrPax-37: The ascidian homologue of Pax-3 and Pax-7. Dev. Biol.
187, 240–252.
Wada, H., Holland, P. W., and Satoh, N. (1996). Origin of patterning
in neural tubes. Nature 384, 123.
Wada, H., Saiga, H., Satoh, N., and Holland, P. W. (1998). Tripartite
organization of the ancestral chordate brain and the antiquity of
placodes: Insights from ascidian Pax-2/5/8, Hox and Otx genes.
Development 125, 1113–1122.
Webb, J. F., and Noden, D. M. (1993). Ectodermal placodes: Con-
tributions to the development of the vertebrate head. Am. Zool.
33, 434–447.
Whittaker, J. R. (1973). Segregation during ascidian embryogenesis
of egg cytoplasmic information for tissue-specific enzyme devel-
opment. Proc. Natl. Acad. Sci. USA 70, 2096–2100.
Yagi, K., and Makabe, K. W. (2001). Isolation of an early neural
marker gene abundantly expressed in the nervous system of the
ascidian Halocynthia roretzi. Dev. Genes Evol. 211, 49–52.
Received for publication April 11, 2001
Revised August 6, 2001
Accepted August 6, 2001
Published online September 26, 2001
s of reproduction in any form reserved.
